Mycobacteria are widespread microorganisms that live in various environments, including man-made water systems where they cohabit with protozoa. Environmental mycobacterial species give rise to many opportunistic human infections and can infect phagocytic protozoa. Protozoa such as amoebae and ciliates feeding on bacteria can sometimes get rid of non-digestible or pathogenic material by packaging it into secreted fecal pellets. Usually, packaged bacteria are still viable and are protected against chemical and physical stresses. We report here that mycobacteria can be packaged into pellets by ciliates. The model bacterium Mycobacterium smegmatis survived digestion in food vacuoles of the ciliate Tetrahymena pyriformis and was included in expelled fecal pellets. LIVE/DEAD R staining confirmed that packaged M. smegmatis cells preserved their viability through the process. Scanning and transmission electron microscopy revealed that bacteria are packaged in undefined filamentous and/or laminar substances and that just a thin layer of material seemed to keep the pellet contents in a spherical shape. These results imply that packaging of bacteria is more common than expected, and merits further study to understand its role in persistence and dissemination of pathogens in the environment.
INTRODUCTION
Mycobacteria are widespread microorganisms living in various environments, especially natural and man-made water systems. While the highly pathogenic Mycobacterium tuberculosis and M. leprae are obligate parasites and are not found as free-living organisms in the environment, other mycobacterial species such as M. avium are present in contaminated hospital and community water supplies, and cause frequent opportunistic infections (reviewed in Vaerewijck et al. 2005; Whiley et al. 2012) . These environments are also inhabited by protozoa such as amoebae (Rodriguez-Zaragoza 1994) and ciliates (Elliot 1973; Jones 1974 ) which closely interact with bacteria. Protozoa act like Trojan Horses (Barker and Brown 1994) , in that numerous human pathogens can persist and replicate within protozoan trophozoites and cysts. Rather than interfering with or damaging the pathogens' life cycle, the protozoans actually provide protection from physical and chemical stresses (reviewed in Greub and Raoult 2004; Denoncourt, Paquet and Charette 2014) .
Mycobacteria have been co-isolated with amoebae in hospital water networks (Thomas et al. 2006) and are known to infect Acanthamoeba polyphaga (Steinert et al. 1998; Adekambi et al. 2006; Ben Salah and Drancourt 2010; Medie et al. 2011; Lamrabet, Mba Medie and Drancourt 2012; Lamrabet and Drancourt 2013) , A. castellanii (Cirillo et al. 1997 ; Thomas et al. 2006) and Tetrahymena pyriformis (Strahl, Gillaspy and Falkinham 2001) . M. avium multiplies inside Acanthamoeba's vacuoles (Cirillo et al. 1997; Ben Salah and Drancourt 2010) and is more virulent in a beige mouse model after co-culture with amoebae (Cirillo et al. 1997) . M. tuberculosis is included in A. polyphaga's cysts and protected there against streptomycin and glutaraldehyde ( Medie et al. 2011) . It is clear that mycobacteria benefit from their cohabitation with protozoa in the environment.
Interactions between bacteria and protozoa sometimes lead to another outcome: the packaging of ingested bacteria into fecal pellets. These pellets are structures of lysosomal origin, which phagotrophic protozoa will produce and secrete when they are fed with bacteria (Gezelius 1959; Hohl 1965; Allen and Wolf 1979; Buck, Bolt and Garrison 1990; Buck, Marin and Chavez 2005; Chekabab et al. 2012; Paquet et al. 2013) . Pellet wrapping can be composed of various kinds of membrane assemblages, and the pellets range from about 0.5 to 5 μm in diameter, depending on the protozoan producing them (Mercer and Shaffer 1960; Gezelius 1961; Berk et al. 1998 Berk et al. , 2008 .
Some ingested bacteria, such as Legionella pneumophila (Berk et al. 1998; Berk et al. 2008; Koubar et al. 2011) and Campylobacter jejuni (Trigui et al. 2016) , can resist the enzymatic degradation that normally occurs in the phago-endocytic pathway before the bacteria are packaged and expelled in fecal pellets. Packaged bacteria are protected from a variety of stresses, including biocides and antibiotics (Berk et al. 1998; Brandl et al. 2005; Koubar et al. 2011; Raghu Nadhanan and Thomas 2014) , which suggests that pellets may promote the persistence of some packaged pathogenic species in the environment. Moreover, sometimes an accumulation of more than 100 bacteria can be expelled in a single pellet. It has been proposed that these small structures carrying potential infective doses of pathogens could be spread through the air from cooling towers and other water systems that create aerosols, and then be inhaled by humans (Berk et al. 1998) .
Here, we report for the first time that mycobacteria can be packaged and secreted into pellets by a protozoan. We demonstrated that M. smegmatis, a non-pathogenic mycobacterial model, survives predation by the freshwater ciliated protozoan T. pyriformis and is packaged in expelled pellets. Considering the possible implication of airborne pellets in the propagation of bacteria in the environment, it is essential for researchers to better understand the packaging of pathogenic bacteria such as M. tuberculosis, which is transmitted exclusively through the air.
MATERIALS AND METHODS

Protozoa and bacteria
T. pyriformis ATCC 30202 was routinely grown axenically at 25
• C in SPP medium (2% proteose peptone, 0.1% yeast extract, 0.2% dextrose and 33 μM FeCl 3 ) supplemented with antibiotics (250 μg/mL streptomycin, 250 μg/mL penicillin G and 1.25 μg/mL amphotericin B) (Gorovsky et al. 1975) in Petri dishes. Cultures were diluted in fresh medium three times a week. Before being cultivated, the ciliates were kept in their cystic form in soybean medium for unfrozen long-term storage (Sweet and Allis 2006) . M. smegmatis MC2155 bacteria and its green fluorescent protein (GFP)-expressing version were kindly provided by the Collection Félix D'Hérelle (Université Laval, Canada) and Dr G. Griffiths (EMBL, Heidelberg), respectively. The bacteria were grown on Lysogeny Broth medium (Millipore, USA) at 37
• C for 72 h, before being used for the bacteria/ciliates co-culture experiments.
Bacteria/ciliates co-cultures and pellet production
The co-cultures between T. pyriformis and M. smegmatis-GFP were done in Plate Count Broth (PCB) medium (0.5% yeast extract, 1% tryptone and 0.2% dextrose) at room temperature (RT, i.e. 22
• C). In a six-well plate, 3 × 10 5 T. pyriformis cells were mixed with 250 μL of M. smegmatis-GFP bacteria at an optical density at 600 nm of 1 (∼1 × 10 9 bacteria/mL for a ratio ciliates:bacteria of 1:833) and the co-culture was incubated for 3 h. This ratio is similar to those found in other studies (ratios between 1:333 and 1:1000 usually) (Brandl et al. 2005; Faulkner et al. 2008; Koubar et al. 2011; Smith et al. 2012; Trigui et al. 2016) . The wild-type M. smegmatis strain, which was not expressing the GFP, was used in samples stained with LIVE/DEAD reagents. As observed with L. pneumophila by Berk and Garduno (2013) , after 3 h, numerous pellets containing packaged bacteria were produced and aggregated into flocs in the middle of the well. These pellet-enriched flocs were sampled with a micropipette and analyzed as described below.
Alternatively, co-cultures between T. pyriformis and M. smegmatis-GFP were performed at RT in Tris-NaCl buffer (10 mM Tris, 7 mM NaCl, pH 7.4) (Brandl et al. 2005 ) for 3 and 24 h.
Fluorescence microscopy
Aliquots from the co-cultures between T. pyriformis and M. smegmatis-GFP were fixed in 4% paraformaldehyde for 30 min and washed in phosphate buffered saline (1.9 mM NaH 2 PO 4 , 8.1 mM Na 2 HPO 4 and 0.154 M NaCl) containing 40 mM NH 4 Cl before being mounted on glass slides. All samples were observed with an Axio Observer Z1 microscope equipped with an Axiocam camera (Carl Zeiss, Canada).
LIVE/DEAD staining
Packaged bacteria in pellets from co-culture between T. pyriformis and the wild-type M. smegmatis which was not expressing the GFP were also stained with the LIVE/DEAD R BacLight Bacterial Viability Kit (ThermoFisher Scientific, Canada) using the manufacturer's protocol. All samples were observed with an Axio Observer Z1 microscope equipped with an Axiocam camera (Carl Zeiss, Canada).
Transmission electron microscopy and scanning electron microscopy
Pellet samples were processed for transmission electron microscopy (TEM) as previously described (Paquet et al. 2013) , and images were acquired using a JEOL transmission electron microscope (JEM-1230). The samples were also processed for scanning electron microscopy (SEM) as follows: they were fixed for 30 min in 0.1 M sodium cacodylate buffer (pH 7.3) containing 2% glutaraldehyde and 0.3% osmium tetroxide. The samples were washed with sodium cacodylate buffer three times for 10 min and then dehydrated for 10 min in 50% ethanol, 10 min in 70% ethanol, 10 min in 95% ethanol and 10 min in 100% ethanol. They were soaked in 100% ethanol twice for 15 min, and then similarly in hexamethyldisilazane. Finally, they were allowed to dry overnight before being mounted and gilded. Images were acquired using a JEOL scanning electron microscope (JSM6360LV).
RESULTS
Mycobacterium smegmatis is packaged into pellets by ciliates
M. smegmatis-GFP bacteria were incubated for 3 h with T. pyriformis in PCB at RT. M. smegmatis was phagocytized by ciliates and accumulated in large amounts in food vacuoles (Fig. 1) . A large quantity of pellets containing bacteria were produced and secreted by T. pyriformis (Fig. 1) and accumulated in flocs in the wells (data not shown). To assess the membrane integrity of packaged bacteria, two fractions were prepared: (i) aggregated pellets produced after a 3-h co-culture of non-GFP M. smegmatis bacteria with T. pyriformis, stained with LIVE/DEAD reagent, and (ii) a control sample containing only bacteria.
The pellets were usually composed of about 60% of bacteria with an unaltered membrane, and about 40% with a disrupted membrane. The control sample showed a lower proportion of dead cells, suggesting that the ciliates kill about 25% of the bacteria during pellet formation (Fig. 2) .
Morphological traits of Mycobacterium smegmatis-containing pellets
In order to analyze the morphological features of the produced pellets, TEM was used to observe the M. smegmatis-T. pyriformis co-culture (Fig. 3) . Ciliates contained many food vacuoles filled with M. smegmatis bacteria. Some of the vacuoles contained blurred and uniform electron-dense material between the ingested bacterial cells (Fig. 3A and B) , while others showed more translucent and filamentous material ( Fig. 3C and D) . These particular aspects of food vacuoles may reflect different stages of pellet formation in T. pyriformis cells. Extracellular pellets with packaged bacteria were also detected in the sample, which is composed of undefined and/or laminar substances surrounding bacteria. Just a thin layer of material seemed to be enough to contain the pellet contents in a spherical shape (Fig. 3E and F) . The general structure of the pellets appears to be loose and fragile, as most of the observed pellets were broken. The processing of samples for TEM analysis could have damaged the thin layer of material or broken the structures that kept the bacteria packaged into pellets.
SEM was also used to observe the surface of the pellets. Pellets with two different features were visible (Fig. 4) : some packaged bacteria were contained by only a few mucoid-like threads and other packages were wrapped in an elaborate web of material. This aspect of the pellets may explain their stickiness leading to the formation of flocs in co-cultures. These results are consistent with those seen in TEM, that is, that packaged bacteria seemed to be contained in pellets by thin filamentous material. No similar structure was observed in control samples containing only bacteria (data not shown), which implies that the filamentous material was not secreted by free bacteria. It is also possible that the observed material in pellet samples is produced specifically by bacteria accumulating in food vacuoles.
Mycobacterium smegmatis-containing pellets are also produced in no-nutrient conditions
In PCB medium, mycobacteria in pellets were able to grow and this restricted the observation of M. smegmatis-containing pellets to a short incubation time. To perform a longer incubation, co-cultures were done in Tris-NaCl buffer for up to 24 h. In these conditions, it was possible to see abundant bacteriacontaining pellets after 3 and 24 h (Fig. 5) . At each time, the pellets were similar in size and shape and formed flocs. SEM revealed a mucoid-like thread at the surface of the pellets, similar to pellets produced in nutritive conditions (Fig. 6A versus Fig. 4F ). The more striking difference between pellets from co-cultures done in Tris-NaCl buffer and those done in a PCB medium is the greater abundance of dead bacteria (cells with a condensed cytoplasm) and bacterial remnants in these pellets (Fig. 6B) .
DISCUSSION
In this work, we determined that M. smegmatis can survive digestion by the ciliate T. pyriformis, and that the ciliate packages M. smegmatis in egested fecal pellets. In a period as short as 3 h of co-culture, large numbers of bacteria-laden pellets were produced. M. smegmatis was detected inside food vacuoles of T. pyriformis (Fig. 1) ; this agrees with other studies that established the replication of mycobacteria inside the vacuoles of amoebae or ciliates (Cirillo et al. 1997; Strahl et al. 2001; Ben Salah and Drancourt 2010; Lamrabet et al. 2012) .
Moreover, LIVE/DEAD staining confirmed that about 60% of the bacteria included in pellets preserved their viability in cocultures performed in PCB medium. Some of the cells in cultures of M. smegmatis without ciliates lose their viability anyway, which reduces the fraction of ingested bacteria that are actually affected by membrane disruption by their passage throughout Tetrahymena cells. For co-cultures done in Tris-NaCl buffer for 24 h, the bacterial mortality in the pellet is clearly higher; this is shown by abundant cells with a condensed cytoplasm and bacterial remnants in the 24h pellets (Fig. 6) . The absence of nutrients likely increases the digestive activity of the ciliates, decreases the resistance of the bacteria or both. The effect of the richness of the medium on the outcome of the protozoa-bacteria interaction has been documented before (Froquet et al. 2007; Filion and Charette 2014) . This is the first report demonstrating that mycobacteria can be packaged and secreted into fecal pellets by a protozoan, in addition to their well-documented capacity to replicate and reside in host cells and cysts (reviewed in Drancourt 2014). The packaging of M. smegmatis suggests that other mycobacteria could possibly be expelled in fecal pellets. Indeed, Tetrahymena ciliates and many environmental mycobacteria share common habitats (duMoulin and Stottmeier 1986; Elliot 1973; Jones 1974; Covert et al. 1999) and it is likely that their interactions would lead to the formation of pellets.
The mechanisms governing pellet formation in protozoa are still unknown. Likewise, in ciliates, the nature of the components shaping the pellets is ambiguous, since some of the pellet-wrapping material seems to arise from bacterial products, and some from the protozoan. For example, membrane fragments visible inside pellets produced by Tetrahymena sp. feeding on L. pneumophila likely result from the degradation of a portion of ingested bacteria Faulkner et al. 2008) . The resulting bacterial remnants are packed into pellets along with intact bacteria. Pellets containing other bacterial species such as the oxygen-sensitive C. jejuni (Trigui et al. 2016) or a digestible Escherichia coli strain (Nilsson 1987 ) present much more membrane material than could be correlated with the degree of susceptibility of bacteria to be digested by protozoa. On the other hand, Tetrahymena can package latex beads into pellets without any contribution of bacterial products, and these beads are maintained together in pellets by a net-like matrix (Smith et al. 2012) . In our study, no visible bacterial membrane fragments were packed in pellets along with intact mycobacteria according to the TEM analysis. It is possible that M. smegmatis is particularly resistant to digestion by Tetrahymena cells compared to other bacteria previously investigated in the literature Faulkner et al. 2008; Koubar et al. 2011) .
Pellets containing M. smegmatis were also observed in SEM to get a better view of their morphology and constitution (Figs 4 and 6). The packaged bacteria were maintained in pellets by two different types of matrix, ranging from a few threads to a complete coating resembling to a spider's web. This is coherent with the diffuse material at the periphery of pellets noticed in TEM (Figs 3 and 6) . The web-like matrix visible at the surface of some pellets is similar to the one observed by Smith et al. (2012) at the surface of packaged E. coli O157:H7 or beads by Tetrahymena sp. MB125. The differences in the matrix aspect between our study and Smith's may be due to the ciliate species (Tetrahymena strain MB125 for Smith et al. versus T. pyriformis ATCC 30202 in our study) having produced the pellets.
Inclusion of bacteria into pellets is known to protect them from various stresses (Denoncourt et al. 2014) . However, mycobacteria are already highly resistant to a variety of biocides (Russell 1996) and antibiotics (Jarlier and Nikaido 1994) . Moreover, the fact that pellets seemed damaged by the sample preparation protocol for TEM suggests that they could be too fragile in some circumstances to lend any additional protection to the Loads of bacteria-containing pellets are secreted and aggregated in the medium. Two types of packaging were observed: (E) pellets with an elaborate web of material holding the bacteria together and (F) packed bacteria retained by only a few threads of mucoid-like material. Scale bars: A and B = 5 μm, C and D = 2 μm, E and F = 1 μm. Figure 5 . M. smegmatis-containing pellets produced by T. pyriformis from co-culture in Tris-NaCl buffer. Bacteria and ciliates were co-cultured in Tris-NaCl buffer at RT for (A) 3 h and (B) 24 h, and the resulting pellets were observed by differential interference contrast microscopy. Scale bar = 5 μm. mycobacteria. However, this finding of the packing of high loads of mycobacteria into pellets is important, as little is known about the bacteria packaging process occurring in the environment. Future studies should include analyses of the interactions between ciliates and other mycobacteria including slow-growing ones such as M. marinum.
